Growth differentiation factor 9 (GDF9) and bone morphogenetic protein 15 (BMP15) are oocyte-secreted factors known to be involved in regulating the proliferation and differentiation of granulosa cells during follicular growth. The aims of this study were to determine the signalling pathways used by recombinant forms of murine and ovine GDF9 and BMP15 in combination (GDF9CBMP15) and the molecular complexes formed by combinations of these factors. Differences in the molecular forms of combinations of murine and ovine GDF9CBMP15 were observed by western blot analysis. Ovine GDF9CBMP15-stimulated 3 H-thymidine uptake was completely blocked by SMAD2/3 and nuclear factor-kB pathway inhibitors and partially blocked by a p38-mitogen-activated protein kinase (MAPK) inhibitor. Thymidine uptake by murine GDF9CBMP15 was reduced by the SMAD2/3 and extracellular signal-regulated kinase-MAPK pathway inhibitors and increased after addition of a c-Jun N-terminal kinase inhibitor. Stimulation of 3 H-thymidine uptake by GDF9CBMP15 from either species was not affected by the SMAD1/5/8 pathway inhibitor. In conclusion, both murine and ovine GDF9CBMP15-stimulated thymidine incorporation in rat granulosa cells was dependent on the SMAD2/3 signalling pathway but not the SMAD1/5/8 pathway. Divergence in the non-SMAD signalling pathways used by murine and ovine GDF9CBMP15 was also evident and may be due to the differences observed in the molecular complexes formed by these factors. These results are consistent with the hypothesis that the disparate cooperative functions of GDF9 and BMP15 in different species are mediated by divergent non-SMAD signalling pathways.
Introduction
Growth differentiation factor 9 (GDF9) and bone morphogenetic protein 15 (BMP15) are oocyte-secreted factors that are members of the transforming growth factor b (TGFB) superfamily. They are known to play an essential role in regulating ovarian follicular development and ovulation rate in several species and have different functions depending on the species of origin of both the granulosa cells and the growth factor , McNatty et al. 2005a . The different phenotypes exhibited by mice and sheep with inactivating mutations in GDF9 or BMP15 are further evidence of species differences in the actions of these factors. Mice lacking active BMP15 apparently have only minor changes in follicular growth (Yan et al. 2001) , whereas sheep homozygous for inactivating mutations in BMP15 exhibit primary ovarian failure (Galloway et al. 2000) . Both mice and sheep with inactivated GDF9 are infertile (Dong et al. 1996 , Hanrahan et al. 2004 .
GDF9 signalling has been shown to be mediated by the type I receptor TGFBR1 and the type II receptor BMPR2 to activate the SMAD2/3 pathway (Vitt et al. 2002 , Kaivo-Oja et al. 2003 , Mazerbourg et al. 2004 . BMP15 has been shown to activate the SMAD1/5/8 pathway, co-immunoprecipitate with BMPR1B and its interaction with granulosa cells can be blocked by the extracellular domain (ECD) of BMPR2 (Moore et al. 2003) . Protein and/or mRNA for each of these receptors have been shown to be expressed in sheep, rat and mouse granulosa cells, apart from TGFBR1 in the rat whereby mRNA was shown to be present in whole ovary tissue (Yi et al. 2001 , Erickson & Shimasaki 2003 , Gueripel et al. 2004 , Gilchrist et al. 2006 , Feary et al. 2007 , Rosairo et al. 2008 . Rat granulosa cells exhibit increased proliferation in response to TGFB (Dorrington et al. 1988) , which would imply that the TGFBR1 receptor is present in rat granulosa cells. It is likely that several second messenger pathways, other than the SMAD pathways, are also involved in the transduction of signal from receptor complexes activated by both GDF9 and BMP15. Stimulation of granulosa cell mitoses by human BMP15 can be suppressed by inhibition of the extracellular signal-regulated kinase-mitogen-activated protein kinase (ERK-MAPK) pathway (Moore et al. 2003) . There is evidence that TGFB signalling acts via the p38-MAPK signalling pathway (Sano et al. 1999 , Compton et al. 2006 but not the c-Jun N-terminal kinase (JNK) pathway (Sano et al. 1999) , although other reports suggest that the JNK pathway is important in TGFB signalling (Atfi et al. 1997) . BMP2 and BMP4 activate the nuclear factor-kB (NFKB) pathway and this activation can be inhibited by the peptide SN50 (Mohan et al. 1998) .
GDF9 and BMP15 are co-expressed in the oocyte during follicular development and have been shown to have much greater biological activity when acting cooperatively than individually. For example, there was no effect on rat granulosa cell 3 H-thymidine incorporation when ovine or murine GDF9 at 25 ng/ml and ovine or murine BMP15 at 6 ng/ml were individually added. However, when GDF9 and BMP15 were added in combination (GDF9CBMP15) at these doses, a sevenfold increase in thymidine uptake was observed (McIntosh et al. 2008) . In studies where the concentrations of either GDF9 or BMP15 were serially diluted while the other factor remained constant, the stimulation of 3 H-thymidine incorporation was dose dependent (McNatty et al. 2005a) . The cooperative effects of GDF9 and BMP15 on 3 H-thymidine uptake by granulosa cells were blocked by the ECD of BMPR2 and by the TGFBR1/ ACVR1B/ACVR1C-SMAD2/3 inhibitor SB431542 (Edwards et al. 2008 , McIntosh et al. 2008 , although none of the type I receptor ECDs tested had any effect (Edwards et al. 2008) . It is not known whether the SMAD1/5/8 signalling pathway or any other non-SMAD pathways are involved in the cooperative signalling of GDF9CBMP15. Therefore, further investigation into the involvement of the SMAD1/5/8, ERK-MAPK, p38-MAPK, JNK and NFKB pathways in downstream signalling from BMP15CGDF9 activity is warranted.
The molecular mechanisms involved in the synergistic effects of GDF9 and BMP15 are poorly understood, complicated by these growth factors potentially interacting with receptors either as monomers or as noncovalently associated homodimers or heterodimers, and in differently processed forms. Recombinant BMP15 and GDF9 are secreted as mixtures of cleaved mature and proregion proteins and unprocessed promature protein. After cross-linking both murine and ovine recombinant GDF9 were mainly present as dimers and high-molecular weight multimers, with only a small amount of monomer observed (Edwards et al. 2008 , McIntosh et al. 2008 . In contrast BMP15 of both species were present as monomers or multimers with no evidence of a dimeric mature form. When murine GDF9 and BMP15 or ovine GDF9 and BMP15 were combined and cross-linked, mature proteins were found in large multimeric complexes. The proregions of both murine proteins were also present in these complexes; however, it is not yet known in which molecular complexes the ovine GDF9 and BMP15 proregions exist. No direct evidence for either murine or ovine mature region heterodimers has been obtained but, in the mouse, the BMP15 proregion co-immunoprecipitated with GDF9 mature protein indicating a heteromeric association between BMP15 and GDF9 (McIntosh et al. 2008 ). In the same study, a murine BMP15 proregion antibody was able to immunoneutralise murine GDF9CBMP15-stimulated 3 H-thymidine incorporation in rat granulosa cells, providing further evidence that the BMP15 proregion plays a role in the cooperative bioactivity of GDF9 with BMP15.
The primary objective of this study was to determine whether inhibition of the SMAD1/5/8 or other non-SMAD signalling pathways altered the level of 3 H-thymidine incorporation by granulosa cells when stimulated with different combinations of ovine and murine GDF9CBMP15. Rat granulosa cells were chosen as they produce Rfourfold increases in response to GDF9CBMP15 in the 3 H-thymidine uptake assay (McNatty et al. 2005a , Edwards et al. 2008 , McIntosh et al. 2008 , have been well validated for this type of assay (Vitt et al. 2000 , Saragueta et al. 2002 and because higher yields of granulosa cells can be obtained with fewer animals compared with mice. Ovine granulosa cells were not considered because GDF9CBMP15 only stimulated w1.5-fold increases in 3 H-thymidine uptake in these cells (McNatty et al. 2005b) making it difficult to observe changes in response to signalling pathway inhibitors. Within-and cross-species combinations of murine and ovine GDF9CBMP15 were examined by western blot analysis to determine whether species differences in the physiological functions and downstream signalling could be due to differences in the molecular complexes.
Results

Molecular forms of combinations of murine and ovine GDF9 and BMP15
After cross-linking combined conditioned media, murine and ovine GDF9 mature region dimers were detected, as well as high-molecular weight bands that were noticeably larger for murine than ovine GDF9 (Fig. 1A) . Additionally, a different pattern of band intensity was observed for GDF9 interactions, whereby cross-linked ovine GDF9 and ovine BMP15 formed less dimer and more multimer than ovine GDF9 with murine BMP15 (Fig. 1A) . When murine BMP15 was mixed with murine GDF9, all of the mature band of BMP15 cross-linked and disappeared (Fig. 1B) . In contrast, murine BMP15 with ovine GDF9 remained as a monomer and also formed high-molecular weight complexes as did ovine BMP15 mixed with murine or ovine GDF9 (Fig. 1B) .
Effect of pathway inhibitors on 3 H-thymidine incorporation stimulated by GDF9CBMP15, activin A, BMP4 and FCS As expected, treatment with ovine or murine GDF9C BMP15, activin A, BMP4 and FCS stimulated (P!0.001) 3 H-thymidine incorporation in rat granulosa cells relative to the 293H control (Fig. 2) .
Treatment with the inhibitor to the SMAD2/3 signalling pathway reduced by w50% 3 H-thymidine incorporation stimulated by BMP4 and FCS, which was similar to the effect observed with the 293H control media (Fig. 3) and the inhibitor alone (results not shown). However, this pathway inhibitor completely prevented the stimulation of 3 H-thymidine uptake by ovine GDF9CBMP15 and inhibited murine GDF9CBMP15 and activin A stimulation by 80% (all P!0.001 when compared with 293H control with inhibitor). The SMAD1/5/8 pathway inhibitor partially blocked (P!0.001) the effects of BMP4 stimulated 3 H-thymidine uptake but had no effect with any other treatment (Fig. 3) .
Addition of the NFKB pathway inhibitor blocked ovine GDF9CBMP15 (P!0.001), increased the effect of FCS (P!0.01) but had no effect on 293H, activin A, BMP4 and murine GDF9CBMP15 stimulated 3 H-thymidine uptake (Fig. 3) . The JNK pathway inhibitor caused a 2.4-fold increase (P!0.001) in thymidine incorporation when cultured with murine GDF9C BMP15 but had no significant effect on any other treatment (Fig. 3) .
Treatment with the p38-MAPK pathway inhibitor caused a 40% reduction in thymidine incorporation with activin A, BMP4, FCS and ovine GDF9CBMP15 (P!0.01) but had no significant effect on either 293H control or murine GDF9CBMP15 (Fig. 3) . The ERK-MAPK inhibitor strongly suppressed (P!0.001) 3 H-thymidine uptake for all treatments including the 293H control. However, the suppression of activin A, BMP4 and murine GDF9CBMP15 was significantly greater than for 293H (P!0.05, 0.05, 0.01 respectively), although the effect with FCS and ovine GDF9CBMP15 was similar to the 293H control (Fig. 3 ). This suppression of thymidine uptake was not related to cell death as cells maintained O85% viability when treated with the ERK-MAPK inhibitor U0126 at 5 mM concentration for 24 h (CellTitre 96 Aqueous One, In Vitro Technologies, Auckland, New Zealand; nZ2 pools, results not shown).
Effect of NFKB and JNK pathway inhibitors on 3 H-thymidine incorporation stimulated by combinations of murine and ovine GDF9CBMP15
To determine whether GDF9, BMP15 or both factors from each species were working through the NFKB and JNK signalling pathways, within-and cross-species combinations of these factors were cultured with these inhibitors in the 3 H-thymidine rat granulosa cell bioassay. Murine GDF9 with murine BMP15, murine GDF9 with ovine BMP15, ovine GDF9 with murine BMP15 and ovine GDF9 with ovine BMP15 stimulated 4.7-, 1.4-, 6.0-and 3.9-fold increases (P!0.001) in thymidine incorporation, respectively, when compared with the 293H control media. The NFKB pathway inhibitor significantly reduced (P!0.001) thymidine uptake stimulated by ovine GDF9 with either murine or ovine BMP15 (Fig. 4) . However, the NFKB pathway inhibitor had no effect on thymidine uptake stimulated by murine GDF9 with either murine or ovine BMP15. As previously observed, addition of the JNK pathway inhibitor increased thymidine incorporation in cells treated with murine GDF9 and murine BMP15 2.4-fold (P!0.001) but had no effect on cells treated with ovine GDF9 and ovine BMP15. Thymidine incorporation stimulated by murine GDF9 with ovine BMP15 increased 1.6-fold (P!0.05) with the addition of the JNK pathway inhibitor. This effect was significantly lower than that observed with murine GDF9 and murine BMP15 (P!0.05). Thymidine uptake stimulated by ovine GDF9 with murine BMP15 was inhibited (P!0.05) by 30% (Fig. 4) but was not significantly different to the effect observed when the JNK inhibitor was cultured with ovine GDF9 and ovine BMP15.
Discussion
Previous work has identified the essential role of the BMPR2 and TGFBR1/ACVR1B/ACVR1C-SMAD2/3 signalling pathway in the cooperative stimulation of thymidine uptake by murine and ovine GDF9CBMP15 (Edwards et al. 2008 , McIntosh et al. 2008 ). The present results support the role of the SMAD2/3-mediated pathway in GDF9CBMP15 signalling. Given that BMP15 has been shown to act through BMPR1B to stimulate SMAD1/5/8 (Moore et al. 2003) , it seemed reasonable to assume that the cooperative actions of GDF9CBMP15 on thymidine incorporation would also involve this pathway. However, inhibition of SMAD1/5/8-mediated signalling had no affect on either murine or ovine GDF9CBMP15-stimulated thymidine incorporation. As the inhibitor partially blocked the effects of BMP4, which is known to signal via BMPR1B , it would appear that BMPR1B (or ACVR1 and BMPR1A)-mediated signalling via SMAD1/5/8 is not required for the cooperative effects of GDF9CBMP15 on 3 H-thymidine uptake. BMP15 has recently been shown to inhibit the SMAD1/5/8 pathway during early Xenopus embryogenesis (Di Pasquale & Brivanlou 2009 ). However, if BMP15 is also able to inhibit this pathway in rat granulosa cells, it is unlikely that this is the cause of the increased 3 H-thymidine uptake as inhibition of the SMAD1/5/8 pathway had no effect on thymidine incorporation in 293H controltreated cells. Given that BMP4-stimulated 3 H-thymidine incorporation is, in part, dependent on the activation of the BMPR1B pathway in granulosa cells, it would also seem unlikely that inhibition of this pathway could be critical for increased proliferation in rat granulosa cells.
In this study, the NFKB pathway was shown to be essential for the stimulation of 3 H-thymidine uptake by ovine GDF9 with either ovine or murine BMP15 but not murine GDF9 with either species of BMP15, or any of the other treatments tested. Other TGFB superfamily Figure 3 The effects of addition of 293H-conditioned control media (8.5% v/v), activin A (10 ng/ml), BMP4 (30 ng/ml), FCS (5% v/v), ovine (o) GDF9CBMP15 (25 and 6 ng/ml respectively) and murine (m) GDF9CBMP15 (25 and 6 ng/ml respectively) with inhibitors to the signalling pathways SMAD2/3, SMAD1/5/8, NFKB, JNK, p38-MAPK and ERK-MAPK on 3 H-thymidine incorporation by rat granulosa cells. Values represent meanGS.E.M. relative to treatment without inhibitor. *P!0.05; **P!0.01; ***P!0.001 compared with 293H control with inhibitor. members have been reported to activate the NFKB pathway. For example, BMP2 and BMP4 increased NFKB activation in corneal fibroblast cells and the addition of the NFKB inhibitor SN50 with BMP2 and BMP4 stimulated apoptosis (Mohan et al. 1998 ). AMH has also been shown to induce NFKB signalling in breast and prostate cancer cells albeit to suppress proliferation and activate apoptosis (Hoshiya et al. 2003) , although this does not occur in all cell types responsive to AMH (Belville et al. 2005) . TGFB2, which binds to TGFBR1, has also been shown to activate NFKB (Lu & Stark 2004) . Interestingly, in this tumour model with PC3 prostate cancer cells, latent TGFB is found to activate NFKB without activating the SMAD pathway, leading to tumour progression. Latent TGFB is composed of three components, namely, a homodimer of the mature protein non-covalently linked to homodimers of the N-terminal proregion of the protein that is covalently linked to a latent TGFB binding protein (Oklu & Hesketh 2000) . The recent finding that both murine GDF9 and BMP15 form high-molecular weight complexes containing the proregions of both proteins indicates the possibility that similar latent-type complexes could be formed (McIntosh et al. 2008) . Given the use of conditioned media from HEK-293H cells transfected with ovine GDF9 or BMP15 in the current experiment, the role of an analogous latent form of GDF9CBMP15 cannot be discounted. Clearly, through whatever form(s) of ovine GDF9CBMP15 that stimulate proliferation of rat granulosa cells, activation of the NFKB pathway is critical.
Activation of the JNK pathway has been shown to be either pro-or anti-apoptotic depending on the duration of activation, the cell type and the activity of other signalling pathways (Anning 2003) . The increase in proliferation caused by the addition of the JNK inhibitor to murine GDF9CBMP15 suggests that these factors may cause JNK-stimulated apoptosis in granulosa cells. Treatment with JNK inhibitor alone did not increase thymidine incorporation in control cells, but in this case, the JNK pathway may not have been activated and consequently apoptosis had not been stimulated. Further experiments would be required to confirm whether activation of the JNK pathway by murine GDF9CBMP15 stimulates apoptosis in granulosa cells.
When examining the effects of suppressing the NFKB or JNK pathways on different combinations of ovine and murine GDF9CBMP15, the effect of the NFKB inhibitor was observed only when ovine GDF9 was present. Thus, it seems likely that the activation of the NFKB pathway occurs through the actions of ovine GDF9. The differing effects of the JNK inhibitor were not clearly linked to either GDF9 or BMP15 and thus both growth factors, or their interactions, may be necessary for activation of this pathway.
Suppression of the p38-MAPK pathway inhibited, to some degree, thymidine incorporation following stimulation by ovine GDF9CBMP15 but did not affect murine GDF9CBMP15-stimulated thymidine incorporation. The p38-MAPK pathway has also been shown to be activated in TGFB1-stimulated proliferation of hamster granulosa cells (Yang & Roy 2006) . Given that both TGFB1 and GDF9 are believed to signal through the TGFBR1-SMAD2/3 pathway, a common mechanism may be activated by ovine GDF9 and TGFB1. In contrast, murine GDF9CBMP15-stimulated thymidine incorporation did not appear reliant on the p38-MAPK pathway even though murine GDF9 appears to act through the SMAD2/3 pathway (Gilchrist et al. 2006 ).
Species differences also appeared when examining the effects of the ERK-MAPK pathway, although interpretation of the data is complicated by the strong effect of the inhibitor on untreated and 293H controltreated cells. However, the effect of this pathway inhibitor was greater when the cells were treated with murine GDF9CBMP15 than with 293H or ovine GDF9CBMP15. The ERK-MAPK pathway has previously been shown to be involved in the stimulation of thymidine incorporation by human BMP15 (Moore et al. 2003) using the same inhibitor, U0126, as used in this study earlier. This suggests that the signalling by human BMP15 may be more similar to that of murine BMP15 than ovine BMP15. However, in the human BMP15 study, the inhibitor had no effect on basal levels of thymidine incorporation at 3 mM (Moore et al. 2003) . This is in contrast to this study where thymidine incorporation was inhibited by U0126 at concentrations between 0.3 and 5 mM when cultured with 293H control media or ovine GDF9CBMP15, and at 5 mM with all other treatments H-thymidine incorporation by rat granulosa cells. Both ovine and murine GDF9 were at 25 ng/ml and both ovine and murine BMP15 at 6 ng/ml. Values represent meanGS.E.M. relative to GDF9CBMP15 treatment without inhibitor. *P!0.05; ***P!0.001 compared with treatment without inhibitor. including the inhibitor alone. The treatment of the rats prior to cell culture and the culture conditions differed between the two experiments, and this may account for the differing results obtained. The consistent, strongly suppressive effect of the ERK-MAPK inhibitor for all the stimulators tested in this study indicates that this pathway may be generically important for granulosa cell proliferation. It has been reported that ERK activity increased during the proliferative phase of follicular growth and down-regulation of ERK activity was associated with apoptosis in rat granulosa cells (Peter & Dhanasekaran 2003) . However, in the current study with the ERK-MAPK inhibitor, no evidence of cell death was noted over the time frame and concentrations investigated.
It is not known whether the non-SMAD signalling pathways are activated either directly after binding of GDF9CBMP15 to the BMPR2 type I receptor complex or indirectly via the downstream release of other ligands, and further studies are required to elucidate this. These factors could potentially be binding to some as yet unidentified receptor. The intracellular signalling pathway activated by BMP2 has been shown to be dependent upon the method by which BMP2 complexes with the type I and II receptors. When BMP2 bound to preformed receptor complexes, it initiated the canonical SMAD pathway, while binding first to the type I receptor, followed by recruitment of the type II receptor, activated the MAPK pathway (Sieber et al. 2009 ).
Cross-linking experiments in this study indicate that species differences occur in the molecular interactions between GDF9 and BMP15. When murine BMP15 was combined with murine GDF9, the conformation changes appear to have obscured the epitope recognised by the anti-BMP15, mab3A-A antibody. However, when murine BMP15 was combined with ovine GDF9, the epitope seems to have been more exposed to the antibody producing a much stronger multimeric band after cross-linking. Differences were also observed with ovine GDF9 forming a different pattern of banding when combined with ovine BMP15 compared with murine BMP15. Species differences between the molecular weights of the murine and ovine GDF9 multimers were also apparent. Such differences in the molecular complexes may alter binding to the receptor complex and could potentially be the mechanism by which different second messenger signalling pathways are activated. An antibody produced against a region of the GDF9 mature domain that was fully conserved between mice and sheep was able to completely inhibit the cooperative bioactivity of ovine GDF9 with either murine or ovine BMP15 but only halved the response of murine GDF9 with either murine or ovine BMP15 (McIntosh et al. 2008) . This was despite the fact that the antibody was shown to completely block rat granulosa cell 3 H-thymidine incorporation stimulated by murine GDF9 on its own. This further supports the notion that there may be species differences in the molecular interactions between GDF9 and BMP15. The mature regions of murine and ovine GDF9 and murine and ovine BMP15 share w90% amino acid homology; however, the proregions of murine and ovine GDF9 are only 57% homologous and those of murine and ovine BMP15 only 62% homologous. Another possible way in which GDF9 and BMP15 from different species could activate different signalling pathways may be via the presentation of the mature proteins to the target cell by the proregion(s) of BMP15 and/or GDF9. Immunoneutralisation of murine BMP15 proregion was able to inhibit the bioactivity of murine GDF9CBMP15, although a murine GDF9 proregion antibody had no effect (McIntosh et al. 2008) . This suggests that the BMP15 proregion is involved in controlling the bioactivity of GDF9 and BMP15 together.
Other growth factors present in the unpurified HEK-293H cell expression media could be interacting with the cell signalling pathways activated by GDF9C BMP15. However, species differences in the signalling pathways used by these growth factors were observed despite the fact that all treatments contained the same concentration of 293H-conditioned media. The conditioned media contains multiple secreted forms of GDF9 or BMP15 protein including the pro-, pro-matureand mature-regions, and multimers of these (McIntosh et al. 2008 ). This allows for the possible formation of latent-type complexes and also for the potential involvement of the pro-region in the signalling process as proposed by McIntosh et al. (2008) which could not occur if purified preparations of the mature region of the protein were used.
In summary, the cooperative actions of GDF9C BMP15 on thymidine incorporation by rat granulosa cells were shown to be inhibited by the suppression of the SMAD2/3 but not the SMAD1/5/8 pathways (Fig. 5) . Other non-SMAD signalling pathways were also shown to be important in mediating the cooperative effects of GDF9CBMP15. Surprisingly, however, the species of the growth factors determined which of the pathways were important (Fig. 5) . The NFKB pathway was essential for the cooperative effects of ovine GDF9C BMP15, with activation of the p38-MAPK pathway perhaps also playing a role. In contrast, the NFKB pathway was not important for the actions of murine GDF9CBMP15 and the ERK-MAPK pathway was the only other pathway identified that may be involved in the stimulation of proliferation by murine GDF9CBMP15 (Fig. 5) . Differences in the molecular complexes formed by murine and ovine GDF9CBMP15 may underpin the divergence in the non-SMAD signalling pathways used. Therefore, species differences in the roles of GDF9 and BMP15 may be well mediated by variations in the molecular complexes formed and subsequent activation of divergent non-SMAD signalling pathways.
Further work is needed to determine whether these signalling pathways are specific to the regulation of DNA synthesis or whether they are also involved in other granulosa cell functions such as steroid production.
Materials and Methods
Collection and preparation of granulosa cells for determination of 3 H-thymidine incorporation
All animal protocols were carried out in accordance with the 1999 Animal Welfare Act (Part 6) of New Zealand and were approved by the Invermay Animal Ethics Committee. For each assay, ovaries were collected from six immature 21-to 24 dayold Sprague-Dawley rats at 46 h after an intra-peritoneal administration of 20 IU equine chorionic gonadotropin (Intervet Ltd, Auckland, New Zealand). Extraneous tissue was dissected from the ovaries that were washed in Leibovitz L-15 media (Invitrogen) containing 0.1% (w/v) BSA (Sigma), 100 U/ml penicillin and 100 mg/ml streptomycin (Invitrogen). All visible antral follicles were punctured with a 20-gauge needle and the granulosa cells were suspended in Leibovitz L-15 media. Oocyte-cumulus complexes, isolated oocytes and follicular debris were removed with the aid of a dissecting microscope and glass pipette. The remaining granulosa cells were centrifuged at 300 g for 5 min at room temperature, washed twice in Leibovitz L-15 media and then finally re-suspended in medium-199 (Earle's; Sigma) supplemented with 2 mM GlutaMAX-I (Invitrogen), 100 U/ml penicillin, 100 mg/ml streptomycin, 0.23 mM sodium pyruvate (Sigma) and 0.3 mg/ml polyvinyl alcohol (Sigma). Granulosa cell number and viability were determined using a haemocytometer and trypan blue exclusion. Cells (20 000 viable cells/well) were cultured in a total volume of 125 ml supplemented medium-199 with the treatments described below and incubated at 37 8C with 5% CO 2 in air. After 18 h, 0.4 mCi methyl-3 H-thymidine (Amersham, GE Healthcare) was added to each well and the cells were incubated for further 6 h. Following incubation, the cells were harvested with a Tomtec Harvester 96 (New Zealand Scientific, Auckland, New Zealand) onto a filtermat and the incorporated 3 H-thymidine determined using a Wallac Trilux MicroBeta 1450 liquid scintillation counter (New Zealand Scientific).
Treatments
The treatments included conditioned media from an untransfected human embryonic kidney cell line, HEK-293H (293H control) at 8.5% (v/v) and 293H-expressed GDF9 with BMP15 at 25 and 6 ng/ml respectively. These doses were based on the previously published experiments (McIntosh et al. 2008) because they gave optimal stimulation of 3 H-thymidine incorporation with minimal interference from the 293H expression media. Recombinant murine and ovine GDF9 and BMP15 were prepared and quantified as described previously (McNatty et al. 2005a , McIntosh et al. 2008 . Briefly, cDNA containing full-length sequences of each protein were sub cloned into pEFIRES-P expression vectors and transfected into 293H cells, and the recombinant proteins were produced in supplemented serum-free medium (DMEM/Ham's F12, 1:1). The amounts of GDF9 and BMP15 in the expression media were determined by western blot analysis under reducing conditions with monoclonal antibodies against ovine GDF9, ovine BMP15 and murine GDF9, and a polyclonal antibody against murine BMP15. The intensities of the 293H cell expressed GDF9 and BMP15 bands were compared with a standard curve of known concentrations of Escherichia coli (E. coli)-expressed protein. The rat granulosa cells were cultured with GDF9CBMP15 with and without inhibitors to different signalling pathways: SMAD2/3 (SB431542; 1 mM; Tocris, Avonmouth, UK); SMAD1/5/8 (dorsomorphin; 1 mM; Sigma); NFKB (SN50; 10 mg/ml; Calbiochem, Merck); JNK (TAT-TI-JIP 153-163 ; 5 mM; Calbiochem); p38-MAPK (SB239063; 5 mM; Tocris) and; ERK-MAPK (U0126; 5 mM; Calbiochem). SB431542 inhibits TGFB1, ACVR1B and ACVR1C receptor signalling via SMAD2/3 whereas dorsomorphin inhibits ACVR1, BMPR1A and BMPR1B receptor signalling via SMAD1/5/8. Inhibitors were added to the wells with the treatments prior to addition of the granulosa cells. SN50 was stable for up to 6 months at K70 8C after reconstitution, whereas all other inhibitors were either used fresh or stored at K70 8C and used within 2 weeks of reconstitution. The effects of these inhibitors were also tested on untreated granulosa cells and cells treated with human activin A (10 ng/ml; R&D Systems, Pharmaco, Auckland, New Zealand), human BMP4 (30 ng/ml; R&D Systems) and FCS 5% v/v (Invitrogen), all of which were included as controls. All wells contained a total of 8.5% (v/v) 293H-conditioned media as the GDF9 and BMP15 solutions were unpurified preparations of 293H expression media and this causes some inhibition of 3 H-thymidine incorporation in granulosa cells. A DMSO vehicle control was also added to the treatments as the inhibitors were reconstituted in DMSO. Treatments were performed in quadruplicate wells with a minimum of three independent pools of granulosa cells and two independent bioassays. The doses of inhibitors used for these studies were based on the given ED50 of the inhibitors and from preliminary dose-response studies using the inhibitors in untreated and GDF9CBMP15-treated granulosa cells (data not shown).
Determination of molecular forms of murine and ovine GDF9CBMP15
Samples of conditioned media containing 293H-expressed murine and/or ovine GDF9 and BMP15 at 25 and 6 ng/ml respectively were run on 13.5% SDS-PAGE under reducing conditions either before or after chemical cross-linking with bis-sulphosuccinimidyl suberate (Pierce, Rockford, IL, USA). Immunoblotting was performed using standard methods with either monoclonal antibody 37A (mab37A) made against fulllength E. coli-produced ovine GDF9 mature protein (McIntosh et al. 2008) , mab61A produced against full-length E. coliproduced ovine BMP15 (McNatty et al. 2005a) or mab3A-A made against a 29mer peptide sequence from the C-terminal end of human BMP15 in the same manner as has previously been described (Juengel et al. 2002) . Chemiluminescent detection was used to visualise the bands.
Statistical analysis
The mean count for each set of quadruplicate wells was log transformed and, as treatment allocation was not balanced across plates, analysed by residual maximum likelihood (Patterson & Thompson 1971) with plate within granulosa cell pool within date as random effects and DMSO concentration plus treatment (the factorial interaction of inhibitory and stimulatory treatments) as fixed effects. It was established that there was no significant effect of DMSO concentration at the control level of stimulatory treatment (PO0.05). Standard errors were calculated using the Taylor's series approximation for the variance of a function.
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